Abstract. How changes in environmental complexity and heterogeneity affect beta diversity is poorly known. We investigated patterns of beta diversity in subtidal assemblages of algae and invertebrates in the northwest Mediterranean in relation to inclination of the substratum and sedimentation. Vertical and horizontal substrata supported distinct assemblages under low, but not under heavy, ambient loads of sediment. To test the hypothesis that sediment reduced the dissimilarity between assemblages, sedimentation was increased experimentally in plots established on vertical and horizontal surfaces at sites experiencing low ambient levels of sedimentation. Patterns were compared to those occurring at unmanipulated sites and at sites exposed to heavy loads of sediment about 2 km apart. After one year, assemblages on vertical substrata were indistinguishable from those occurring on flat surfaces at manipulated sites and both converged toward those occurring at sites exposed to heavy loads of sediment. Control sites still supported distinct assemblages on vertical and horizontal substrata by the end of the experiment. Similar effects of sediment were observed on recovering assemblages in experimental clearings. These results show that sediment increased similarity in assemblages overriding the influence of habitat complexity on beta diversity at small and large spatial scales.
INTRODUCTION
Understanding the processes that determine patterns of species diversity in space and time is a major focus of ecological research (Ricklefs and Schluter 1993, Huston 1994) . Whittaker (1960) partitioned species diversity into alpha, beta, and gamma components to characterize different aspects of diversity in relation to spatial scale. Over broad spatial scales (e.g., thousands of kilometers), historical, phylogenetic, and climate processes are important determinants of regional pools of species richness (gamma diversity). At local scales (e.g., from tens of centimeters to hundreds of meters in a forest; from tens to hundreds of centimeters on a rocky shore), biotic interactions play a prominent role in determining species diversity within patches of habitat (alpha diversity). Intermediate between these two extremes, qualitative and quantitative changes in the physical characteristics of the habitat can strongly affect variation in composition and abundance of species among sites (beta diversity).
Several studies have indicated that the number of distinct physical elements in the environment (habitat complexity) and the number of qualitatively different elements (habitat heterogeneity) are positively correlated with beta diversity (e.g., Bell 1991, Ellingsen and Gray 2002) . In addition to variability in the physical environment, dispersal limitation (Hubbell 2001 , Condit et al. 2002 and small-scale variability due to biogenic structures (Hewitt et al. 2005 ) are other important drivers of beta diversity. Natural disturbance and biotic interactions can also influence beta diversity, increasing habitat complexity and heterogeneity when operating at scales larger than that of the individual patch (Sousa 1984 , Pickett et al. 1989 ).
In subtidal marine environments, topographical features of the substratum have major influences on beta diversity (Witman and Dayton 2001) . Topographical heterogeneity creates refuges from consumers, offers suitable habitat to species with varying physiological requirements, and affects patterns of recruitment (Walters and Wethey 1986, Archambault and Bourget 1996) . Slope of the substratum plays a prominent role in the maintenance of beta diversity (Gaines 1985 , BenedettiCecchi et al. 2000 . Vertical substrata usually support distinct assemblages compared to those occurring on horizontal surfaces due to differences in light conditions, in susceptibility to colonization, and in retention of sediment Sebens 1991, Baynes 1999) .
Anthropogenic disturbances can eliminate these topographical effects impacting beta diversity. The input of terrigenous sediment in marine coastal habitats is increasing worldwide as a consequence of various human activities (Vitousek et al. 1997 , Houghton 2004 . This leads to increased water turbidity and deposition of sediment with detrimental effects for organisms living on rocky shores (Airoldi 2003) . It can be predicted that assemblages of horizontal substrata become more similar to those on vertical surfaces in turbid waters because differences in light condition between these two habitats are reduced. Sediment may also accumulate on vertical surfaces under low hydrodynamic conditions, contributing to elimination of differences between vertical and horizontal habitats.
Although the input of sediment in coastal areas due to human activities is usually a large-scale phenomenon that can cause impacts to beta diversity, previous experimental work has focused mostly on the effect of sediment on alpha diversity at small spatial scales (Airoldi 2003) . Understanding whether sedimentation can override the influence of habitat heterogeneity on subtidal assemblages is important in order to forecast future scenarios of biodiversity in marine coastal habitats. Addressing this issue requires that observational and experimental studies be conducted at the appropriate scale to enable the comparison of different habitats across areas exposed to varying degrees of sediment loads.
In this study we first compared the structure of deepwater (À30 m) subtidal assemblages between vertical and horizontal substrata at sites exposed to different levels of sediment loads in the northwest Mediterranean, to test whether sedimentation was a potential source of impact for beta diversity. This was a realistic hypothesis for deepwater habitats where sediment was expected to accumulate on different surfaces regardless of their inclination and topography, due to the low hydrodynamic regime of these environments. The descriptive study revealed that assemblages differed between vertical and horizontal substrata at sites with low ambient levels of sedimentation, but not at sites exposed to heavy sediment loads. We then performed two field experiments to test the hypothesis that sediment reduced the dissimilarity of assemblages between vertical and horizontal substrata. Known amounts of sediment were added to plots established on vertical and horizontal surfaces at sites with low ambient sediment loads, and effects on mature assemblages were compared to those occurring in similar plots at unmanipulated sites. Unmanipulated reference plots were also established at sites exposed to heavy sediment loads ;2 km apart, to test the hypothesis that sedimentation reduced the dissimilarity between assemblages at large spatial scales. A similar experiment was repeated in experimental clearings, to examine whether sediment had any effect on assemblages during recovery.
MATERIAL AND METHODS

The study location
The study was carried out at Vada Shoals, a rocky bank of 80 km 2 located ;8 km off the Tuscany coast. Two subtidal areas with different average levels of water turbidity and sedimentation were identified on the bank. Most of the sediment influencing the study location was discharged into coastal waters by two rivers and was transported offshore by currents. Patterns of water circulation generated persistent differences in water turbidity and in sediment load between two adjacent areas ;2 km apart (see Appendix A for an analysis of physical differences between these areas).
Biogenic reefs, constituted mostly of encrusting coralline algae (Lithophyllum spp.), characterized deepwater habitats (À30 m) at this study location. The reefs were topographically complex, providing both vertical and horizontal surfaces that extended for several square meters and that hosted a diversified assemblage of algae and invertebrates.
Sampling and experimental design
Assemblages were sampled photographically in April 2003 at a depth of ;30 m. Quadrats of 240 cm 2 were photographed with a Nikonos V camera (Nikon, Tokyo, Japan) equipped with an electronic strobe and close-up lens in each of two habitats (horizontal and vertical substrata). Sampling was undertaken at two sites in the area exposed to high sediment load and at two sites in the area with low sedimentation. Sites were selected using tables of random numbers from a set of possible sites that might have been chosen in each area. Sites were stretches of reef ;10 m in length and hundreds of meters apart; each site included both horizontal and vertical substrata. Three replicate quadrats were sampled in each habitat of each site. The percent cover of algae and invertebrates was assessed by projecting each slide on a grid of 96 dots and counting the number of dots overlapping the targeted animal or plant. Organisms were identified at the most detailed taxonomic level that could be achieved; some algae were grouped in the morphological categories of Steneck and Dethier (1994) .
The experiment consisted of the addition of sediment to six plots of 400 cm 2 that were marked with epoxy putty (Subcoat S, Veneziani Subcoat, Yacht Systems s.v.l., Trieste, Italy) in each of two sites in the area characterized by low levels of sediment. In each site, three of the plots were on vertical surfaces and three were on horizontal substrata. Two unmanipulated sites were also established in this area to serve as controls, and two sites were identified in the area exposed to heavy sediment load for reference. As for the experimental sites, control and reference sites also had three replicate quadrats for each level of inclination of the substratum. Starting in April 2003, 400 g of sediment of similar grain size as the sediment found in the study areas (with most particles in the range of 125-250 lm; see Appendix A) were added to the experimental plots every 45 days until the end of the experiment, which lasted 12 months. This corresponded to a 13.6% increase in the amount of sediment considered by Airoldi and Virgilio (1998) as a stressful condition for subtidal assemblages in this geographical area. (These authors added 11 g of sediment over plots of 56.25 cm 2 every 10 days.)
A parallel experiment was undertaken to examine effects of sediment and habitat on assemblages during recovery. The same experimental design as the one used to examine effects on mature assemblages was employed. Experimental plots of 400 cm 2 were cleared of organisms at the start of the experiment with hammer and chisel and marked at their corners with epoxy putty (Subcoat S, Veneziani).
The sampling design consisted of a three-way layout with ''Sediment'' (Se, low vs. high ambient sediment loads) and ''Habitat'' (Ha, vertical vs. horizontal) as fixed, crossed factors, and Site (Si) as a random effect nested within Sediment and crossed with Habitat. The two experiments had a similar structure with the factor ''Condition'' (Co, fixed with three levels: control, treated, and reference) replacing the factor Sediment.
All experimental plots were sampled photographically at the end of the study to assess the percent cover of algae. The abundance of encrusting algae was assessed after erect organisms were removed from plots. Slides were examined as described for the observational study.
Statistical analyses
Beta diversity was first quantified with the Bray-Curtis dissimilarity index (Bray and Curtis 1957) , as done in other studies (e.g., Ellingsen 2001 , Magurran 2004 , Hewitt et al. 2005 ). This index is influenced by both compositional changes and differences in relative abundance of species. To assess the relative importance of these two components, analyses were repeated using two other measures of dissimilarity that progressively emphasized the importance of compositional change (i.e., the Jaccard index and a modification of the Gower's dissimilarity measure, as proposed by Anderson et al. [2006] ). Further methodological details related to these indexes are reported in Appendix D.
Spatial variation in beta diversity and effects of experimental treatments were examined using permutational multivariate analysis of variance (PERMANOVA; Anderson 2001) . For the experimental data, the mean square of factor Condition (Co) was partitioned into two non-orthogonal contrasts: a ''Control'' (C, unmanipulated) vs. ''Treated'' (T, sediment added) contrast (C vs. T) and a ''Treated'' vs. ''Reference'' (unmanipulated plots in areas of heavy sediment loads) contrast (T vs. R). The mean square for the Condition 3 Habitat interaction was similarly partitioned into a contrast of Habitat 3 C vs. T and a contrast of Habitat 3 T vs. R. In all the analyses, each term was tested individually over the appropriate denominator mean square (with 999 random permutations of the relevant units for the key interaction Condition 3 Habitat and related contrasts) using the computer program DISTLM.exe (Anderson 2004) .
SIMPER analysis (Clarke 1993 ) was used to identify the percentage contribution (d i %) of each species (or morphological group) to the Bray-Curtis dissimilarity between the mean of vertical and horizontal substrata (d i ) for both the observational and experimental data.
Multivariate patterns were visualized using nonmetric multidimensional scaling (nMDS) on the basis of a Bray-Curtis dissimilarity matrix. The centroids of the three replicate plots in each experimental or observational condition were used to display differences among treatments. A centroid in the multivariate space defined by the Bray-Curtis measure of dissimilarity is not the same as the arithmetic mean of the original variables (Anderson 2001) . Thus, centroids were calculated from the full set of principal coordinates obtained from the Bray-Curtis dissimilarity matrix in both observational and experimental analyses. Centroids and distances among them in Bray-Curtis space were obtained using the computer program PCO.exe (Anderson 2003) ; nMDS plots were generated with PRIMER (Clarke and Gorley 2001) . The Bray-Curtis index was obtained from untransformed data in all the analyses.
RESULTS
Assemblages were characterized by encrusting, turfforming, and erect organisms (see Appendix B for taxonomic details). Permutational multivariate analysis of variance (PERMANOVA) on observational data detected a significant interaction between the factors Sediment (low vs. high ambient sediment loads) and Habitat (horizontal vs. vertical substrata), tested over the mean square of the interaction Habitat 3 Site(Sediment): MS Se3Ha ¼ 3538.7, MS Ha3Si(Se) ¼ 77.1, F 1,2 ¼ 45.9, P ¼ 0.011. While assemblages differed significantly between vertical and horizontal substrata in the area characterized by low sediment load, habitat had no effect in the area characterized by heavy sedimentation (Fig. 1) . The species (taxa) that contributed most to variability in assemblage structure under low sediment load were the encrusting brown alga Zanardini typus, which was more abundant on horizontal substrata, and filamentous turf-forming algae that were more abundant on vertical substrata. Turfforming algae were dominant in both habitats in the area exposed to heavy sediment load (full results of SIMPER analyses are reported in Appendix C).
The experimental addition of sediment increased the dissimilarity between control and treated assemblages, the latter becoming very similar to those in the reference area regardless of inclination of the substratum (Fig.  2A) . The Habitat 3 Control vs. Treated interaction was significant in the analysis, while the Habitat 3 Treated vs. Reference interaction was not (Table 1) . Habitat effects were negligible under heavy sediment loads, regardless of whether sediment was added experimentally or was naturally present in the area. In contrast, differences between horizontal and vertical substrata were evident for control assemblages by the end of the experiment. Similar to what was observed in the observational analysis, encrusting and turf-forming algae discriminated between habitats, with the latter becoming abundant under heavy sediment loads (Appendix C).
Recovering assemblages displayed responses to sediment deposition similar to those described for the mature assemblages. While differences between horizontal and vertical substrata were large for unmanipulated controls, they were negligible for treated and reference assemblages. The experimental addition of sediment made treated and reference assemblages indistinguishable by the end of the experiment, regardless of inclination of the substratum (Fig. 2B ). Although these patterns were clear in the nMDS plot (Fig. 2B) , the analysis detected only a significant Control 3 Treated contrast and no interaction with inclination of the substratum, probably because of the large Habitat 3 Site(Condition) effect. The Habitat 3 Treated vs. Reference interaction was also not significant ( Table  1) . As with the mature assemblage, encrusting and turfforming algae discriminated between habitats in cleared plots, with the latter group becoming dominant under heavy sediment loads (Appendix C).
Analyses based on the modified Gower index yielded essentially the same results for the experimental data. In contrast, analyses based on the Jaccard dissimilarity measure (emphasizing compositional change) detected significant main effects of the factors Habitat and Condition, but no interaction (Appendix D). Collectively, these analyses showed that sediment reduced differences in relative abundance of taxa between habitats, while differences in composition persisted regardless of the experimental addition of sediment.
DISCUSSION
This study documented strong detrimental effects of sediment on the diversity of assemblage structure among different habitats. While assemblages differed markedly in relation to inclination of the substratum in the area characterized by low input of sediment, vertical and horizontal substrata supported similar assemblages in the area exposed to heavy sediment loads. When sediment was added to experimental plots in the lowsediment area, treated assemblages diverged from those in the controls both on vertical and horizontal substrata. Manipulated assemblages converged toward those occurring in the area exposed to heavy sediment load, regardless of inclination of the substratum. Thus, sediment reduced the dissimilarity between assemblages overriding the influence of inclination of the substratum on beta diversity. A similar (though not significant) result was evident in experimental clearings, indicating that disturbance by sediment affected both mature and recruiting assemblages. Analyses based on the Jaccard index showed that differences in composition between treated and reference assemblages persisted by the end of the experiment, despite significant effects of the factors Habitat and Condition (Appendix D). This indicated that the increased similarity between assemblages of different habitats caused by sedimentation mostly occurred as a consequence of changes in relative abundances of some taxa, particularly algae. Specifically, while encrusting algae experienced higher rates of mortality under heavy loads of sediment (probably as a consequence of the combined effects of low light levels, burial, and scouring), turf-forming algae proliferated under heavy sedimentation.
Positive correlations between habitat heterogeneity or complexity and beta diversity have been documented both in terrestrial and marine environments (MacArthur 1965 , Ellingsen and Gray 2002 , Tuomisto et al. 2003 , Hewitt et al. 2005 . Experimental studies have provided additional support for this relationship. In a study on the influence of habitat heterogeneity and complexity on the diversity of stream macroinvertebrates, Downes et al. (1998) found large compositional differences in assemblages between substrata that included large crevices and those that did not include such structures. Similarly, by manipulating the density and length of fronds in mimics of coralline algae, Kelaher (2003) documented significant effects of algal complexity on the structure of gastropod assemblages.
Though leading to similar conclusions, the findings of observational and experimental studies may be difficult to reconcile. While observational studies usually focused on large spatial scales (from hundreds of meters to hundreds of kilometers), manipulative ones were almost all concerned with variation at finer scales (from tens of millimeters to hundreds of centimeters). Our results provided evidence of strong effects of sediment on beta diversity at scales ranging from a few meters (the distance between vertical and horizontal substrata in a site) to ;2 km (the distance between areas). This broad range of scales of influence indicated that sediment effects could overwhelm other spatial processes operating in the system.
There is also a potential difficulty in interpreting relationships between habitat structure and diversity when measurements are taken at different scales or along spatial gradients. Habitat and sampling effects may influence patterns of diversity simultaneously as the observational scale increases (Johnson et al. 2003) . These are the mechanisms commonly invoked to explain species-area relationships (Lomolino 2000) . Alternatively, sampling area per se may influence patterns of diversity. An effect of area independent of habitat structure was, for example, demonstrated by Simberloff (1976) in a pioneering study on colonization of artificially defaunated islands of mangrove trees. Our study was robust to the potential influence of sampling effects because each experimental site included both vertical and horizontal substrata, ensuring that comparisons between habitats were done at the same scale for treated, control, and reference conditions. Thus, the different patterns of dissimilarity between vertical and horizontal substrata observed among treatments reflected true effects of habitat in our investigation.
The overwhelming influences of sediment on assemblages, documented in the present study, have two important ecological consequences. First, although habitat structure is an important driver of diversity, it does not provide insurance against current and future detrimental effects of sediment and other severe disturbance events. Since the amount of sediment discharged in coastal areas is increasing worldwide (Airoldi 2003) , loss of beta diversity should be viewed as a major threat to marine coastal assemblages. Physical disturbance by sediment will contribute additional impacts over and above other agents that can cause a reduction in dissimilarity of assemblages, like the spread of invasive species (Olden et al. 2004 ). Indeed, Note: Key to abbreviations and column headings: C, control; T, treated; R, reference; Ha, Habitat; Si, Site; Co, Condition; MS, mean square; pseudo F, F ratio originated through permutations; denominator for F, appropriate denominator used to calculate F ratio; permutable units, number of units used to create pseudo F distribution through permutations.
these processes may not operate in isolation. One of the most abundant species characterizing the turf-forming assemblage in treated plots was the invasive alga Womersleyella setacea, a sediment-tolerant alga (Airoldi and Virgilio 1998) . Previous studies in a nearby site showed low spatial variability and low diversity of assemblages in areas dominated by this species (Airoldi 1998, Airoldi and Virgilio 1998) . This pattern was interpreted as a consequence of the combined effects of sediment and competitive exclusion by algal turfs on local assemblages.
Second, as with alpha diversity, loss of beta diversity may also imply loss of function. Although our study did not focus on functional diversity, nor did we measure functional responses, the addition of sediment triggered a shift in dominance from encrusting to turf-forming algae in experimental plots. Changes in relative abundance of taxa may affect several functional traits of ecological systems, including productivity, resistance to disturbance, and susceptibility to biological invasion (Chapin et al. 2000) . The encrusting and turf-forming morphologies are often associated with distinct functional roles (Littler and Littler 1980, Steneck and Dethier 1994) . Calcified algae are common to low-light environments and contribute to the differentiation of deepwater from shallow-water assemblages in the Mediterranean (Terlizzi et al. 2007 ). These algae play an important role as bioengineers in the reef-building process. In addition, sloughing of the epithallial cells makes encrusting coralline algae an effective barrier against the spread of other organisms. Thus, replacement of encrusting algae by turf-forming species may increase the susceptibility of the reef system to invasion and impair its ability to counteract erosion.
Sediment also affected the recovery of assemblages. The patterns observed in cleared quadrats were very similar to those occurring in the mature assemblage, with turf-forming algae becoming dominant both on vertical and horizontal substrata. Several studies have indicated that accumulation of sediment may prevent settlement of algal propagules and that sediment burial and scouring may increase mortality of recruits and juveniles (reviewed in Airoldi 2003) . Other studies, however, have reported positive effects of sediment on sessile organisms either directly by increasing local availability of nutrients, or indirectly by removing competitively dominant species (e.g., Foster 1975 , Robles 1982 . As suggested by Airoldi (2003) , sediment may elicit different responses in assemblages depending on the intensity and spatiotemporal patterning of disturbances, particle size, and life histories of species. Despite these contingencies, an increasing number of studies suggest that chronic exposure to sediment may favor the spread of turf-forming algae (Airoldi 2003) . Our results support this view: repeated addition of sediment elicited the development of turf-forming algae at the expense of encrusting and erect species both on vertical and horizontal substrata, highlighting the sensitivity of assemblages to disturbance by sediment.
In conclusion, the rapid response of assemblages to increased sediment loads, the range of scales at which these events took place, and the strong effects observed both on mature and recovering assemblages indicate that disturbance by sediment is a major driver of marine coastal diversity. These results emphasize the need to understand how beta diversity is maintained in natural systems and the sensitivity of the underlying processes to human disturbance. As shown here, spatial variation in the physical environment per se may not be sufficient to prevent the erosion of beta diversity in the face of increasing anthropogenic disturbance.
